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BACKGROUND AND PURPOSE
Mirabegron is the first β3-adrenoceptor agonist approved for treatment of overactive bladder syndrome. This study aimed to
investigate the effects of β3-adrenoceptor agonist mirabegron in mouse urethra. The possibility that mirabegron also exerts
α1-adrenoceptor antagonism was also tested in rat smooth muscle preparations presenting α1A- (vas deferens and prostate),
α1D- (aorta) and α1B-adrenoceptors (spleen).

EXPERIMENTAL APPROACH
Functional assays were carried out in mouse and rat isolated tissues. Competition assays for the specific binding of [3H]prazosin to
membrane preparations of HEK-293 cells expressing each of the human α1-adrenoceptors, as well as β-adrenoceptor mRNA
expression and cyclic AMP measurements in mouse urethra, were performed.

KEY RESULTS
Mirabegron produced concentration-dependent urethral relaxations that were shifted to the right by the selective β3-
adrenoceptor antagonist L-748,337 but unaffected by β1- and β2-adrenoceptor antagonists (atenolol and ICI-118,551 respec-
tively). Mirabegron-induced relaxations were enhanced by the PDE4 inhibitor rolipram, and the agonist stimulated cAMP
synthesis. Mirabegron also produced rightward shifts in urethral contractions induced by the α1-adrenoceptor agonist
phenylephrine. Schild regression analysis revealed that mirabegron behaves as a competitive antagonist of α1-adrenoceptors in
urethra, vas deferens and prostate (α1A-adrenoceptor, pA2 ≅ 5.6) and aorta (α1D-adrenoceptor, pA2 ≅ 5.4) but not in spleen
(α1B-adrenoceptor). The affinities estimated for mirabegron in functional assays were consistent with those estimated in
radioligand binding with human recombinant α1A- and α1D-adrenoceptors (pKi ≅ 6.0).

CONCLUSION AND IMPLICATIONS
The effects of mirabegron in urethral smooth muscle are the result of β3-adrenoceptor agonism together with α1A and
α1D-adrenoceptor antagonism.
Abbreviations
CR, concentration ratios; CRC, concentration–response curve; KHS, Krebs–Henseleit solution; LUTS, lower urinary tract
symptoms; OAB, Overactive bladder syndrome
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Introduction
Lower urinary tract symptoms (LUTS) represent one of the
most common clinical complaints in men and women due
to structural or functional abnormalities in one or more parts
of the lower urinary tract, which comprises the bladder,
bladder neck, prostate, distal sphincter mechanism and
urethra (Abrams et al., 2002, 2013). Approximately 1.9 billion
individuals worldwide are estimated to experience any LUTS,
with numbers of affected individuals projected to 2.3 billion
(18.4% increase) in 2018 (Irwin et al., 2011). LUTS can be
divided into three groups, namely, storage symptoms
(increased daytime urinary frequency, nocturia, urgency and
incontinence), voiding symptoms (slow stream, splitting
or spraying, intermittent stream, hesitancy, straining and
terminal dribble) and post-micturition symptoms (feeling of
incomplete emptying and post-micturition dribble). Overac-
tive bladder syndrome (OAB) is a subset of storage LUTS
currently defined as urgency, with or without urge inconti-
nence, usually accompanied by frequency and nocturia
(Abrams et al., 2002). In ageing men, LUTS has been attrib-
uted to bladder outlet obstruction as a result of benign
prostatic enlargement resulting from the histological condi-
tion of benign prostatic hyperplasia (Abrams et al., 2013).

The lower urinary tract stores and releases urine via inte-
grated circuits with brain, spinal cord and peripheral ganglia.
During the voiding phase, parasympathetic neurons release
ACh to contract the bladder smooth muscle through
activation of muscarinic M3 cholinoceptors, resulting in an
efficient bladder emptying (Hegde et al., 1997). ATP via
purinergic P2X1 purinoceptors may act as a co-transmitter
to ACh in parasympathetic nerves, producing bladder
contractions in physiological conditions, although this com-
ponent plays a minor role in human bladder (Burnstock,
2014). The micturition event is followed by the storage phase
where activation of sympathetic post-ganglionic fibers causes
the release of noradrenaline that acts on β-adrenoceptors to
promote bladder relaxation (Igawa et al., 1999, 2001). The
β2- and β3-adrenoceptors play important roles to induce blad-
der relaxations in rodent and humans (Fujimura et al., 1999).
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The urethra is composed of an inner longitudinal and a
middle circular smooth muscle layer innervated by autonomic
nerves, along with an outer striated muscle (rhabdosphincter)
innervated by somatic nerves (Pradidarcheep et al., 2011).
Besides being a conduit for the urine, the urethra contrib-
utes to urinary continence by relaxing during the voiding
phase and contracting during the urine storage phase
(Michel and Vrydag, 2006). The urethral smooth muscle is
richly innervated by sympathetic fibers, the activation of
which results in the release of noradrenaline that acts on
post-junctional α1-adrenoceptors to produce contractions
during the filing/storage phase of the micturition cycle.
Although the role of urethral α1-adrenoceptors in controlling
urinary continence is well documented, the identity of
β-adrenoceptor subtypes and its importance in the urethra
smooth muscle are far less studied. An early study showed
that β-adrenoceptor density in rabbit urethra is lower than
that in the bladder base (or the detrusor) and these are
mostly β2-adrenoceptors (Latifpour et al., 1990). Later, the
urethral relaxations were shown to be predominantly
mediated by β2- and β3-adrenoceptors, with a higher level
of β2-adrenoceptors in canine and rat (Takeda et al., 2003)
and of β3-adrenoceptors in pig preparations (Yamanishi
et al., 2003). There have been no further attempts to eluci-
date the importance of β3-adrenoceptors in urethral tissue.

Mirabegron was recently approved by the Food and Drug
Administration for the treatment of OAB and represents the
first β3-adrenoceptor agonist to enter clinical practice. Clini-
cal trials of up to 12months of mirabegron treatment demon-
strated a significant efficacy in treating OAB symptoms,
appearing well tolerated with low incidence of dry mouth
(Chapple et al., 2013, 2014; Yamaguchi et al., 2014). Taking
into consideration that the smooth muscle of the urethra
actively contributes to bladder outlet resistance, this study
aimed to investigate the mechanisms of mirabegron-induced
relaxations in isolated mouse urethral smooth muscle pre-
parations. In the course of this study, mirabegron showed
an unexpected action by competitively antagonizing the
urethral contractions induced by the α1-adrenoceptor agonist
phenylephrine. Therefore, this study also aimed to enlarge
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this initial observation by characterizing the α1-adrenoceptor
blockade by mirabegron, focusing on the α1-adrenoceptor
subtypes in rat vas deferens and prostate (α1A), spleen (α1B)
and aorta (α1D). The affinities of mirabegron for each of the
human recombinant α1-adrenoceptors were checked by [3H]
prazosin binding assays in membranes from HEK-293 cells
expressing these receptors.
Methods

Animals
All animal care and experimental procedures were in accor-
dance with the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health) and were approved by
the local Ethics Committee for the Use of Experimental Ani-
mals (CEUA #3514–1). Studies involving animals are reported
in accordance with the ARRIVE guidelines for reporting exper-
iments involving animals (Kilkenny et al., 2010;McGrath et al.,
2010). Male C57BL6/J mice (16–18 weeks old and 30–33 g)
were provided by the Central Animal House Services of State
University of Campinas (UNICAMP). Male adult Wistar rats
(16–20 weeks old and 260–380 g) were provided by the Univer-
sity of São Paulo State (UNESP). The animals were maintained
under controlled conditions (23 ± 1 °C, 12 h light/12 h dark
cycle and 60 ± 5% relative humidity), housed four per cage
on a 12 h light–dark cycle and fed with standard chow (carbo-
hydrate: 70%; protein: 20%; and fat: 10%).
In vitro functional assays and
concentration–response curves in mouse
isolated urethra
Mice were killed by CO2 asphyxiation and the prostatic ure-
thra was removed, as previously described (Alexandre et al.,
2014). Briefly, bladder, urethra and prostate were dissected
free as a block and immersed in a Petri dish containing
Krebs–Henseleit solution (KHS, mM: 117 NaCl, 4.7 KCl, 2.5
CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3 and 11 glucose).
Next, the prostate gland was carefully removed, and 2 mm
rings of the prostatic urethra were excised from its middle
part, equidistant from the bladder neck and the external ure-
thral sphincter. Urethral rings were mounted in 5 mL organ
baths containing KHS continuously bubbled with a mixture
of 95% O2/5% CO2 at pH 7.4, 37 °C. Changes in isometric
force were recorded using a wire myograph for isometric force
recording (Danish Myo Technology, Model 610 M, Aarhus,
Denmark) coupled with an acquisition system (PowerLab
8/30, LabChart 7, ADInstruments, Sydney, NSW, Australia).
The resting tension was adjusted to 2 mN at the beginning
of the experiments. The equilibration period was 45 min,
and the bathing medium was changed every 15 min until
the start of the experiments.

In the first set of experiments, urethral rings were pre-
contracted with the α1-adrenoceptor agonist phenylephrine
(10 μM). Once the contraction had reached plateau, cumula-
tive concentration–response curves (CRCs) to the relaxant
agent isoprenaline (non-selective β-adrenoceptor agonist;
1 nM–1 mM) and mirabegron (1 nM–100 μM) were obtained,
in steps of half a log unit. CRCs to mirabegron and/or
isoprenaline were carried out in the absence and in the pres-
ence of atenolol (selective β1-adrenoceptor antagonist;
10 μM), ICI-118,551 (selective β2-adrenoceptor antagonist;
10 μM), L-748,337 (selective β3-adrenoceptor antagonist; 1–
30 μM), ODQ (soluble GC inhibitor; 10 μM) and rolipram
(PDE4 inhibitor; 1 and 10 μM). CRCs to mirabegron in ure-
thral rings pre-contracted with KCl (80 mM), arginine-
vasopressin (60 nM) and endothelin-1 (100 nM) were also
obtained.

In the second set of experiments, cumulative CRCs to the
phenylephrine in the absence and in the presence of
mirabegron (0.1–100 μM) were evaluated, as described above.
Urethral preparations were incubated (30 min) or not with a
cocktail of inhibitors containing yohimbine (α2-adrenoceptor
antagonist; 100 nM), propranolol (non-selective β1/β2-
adrenoceptor antagonist; 100 nM), L-748,337 (β3-adrenoceptor
antagonist; 10 μM), 17β-oestradiol (extraneuronal uptake
blocker; 10 μM) and desipramine (neuronalmonoamine uptake
blocker; 100 nM).

In separate urethral rings, contractile curves to the pep-
tide arginine-vasopressin (0.1 nM to 1 μM) or KCl (80 mM)
were carried out in the absence and in the presence of
mirabegron (10 μM).

Each urethral ring was used to construct only one CRC for
either the relaxant or the contractile protocols.

Rat isolated vas deferens, prostate, spleen and
aorta preparations
Male Wistar rats were killed by CO2 asphyxiation and the
required tissues were carefully excised and prepared for digital
recording of isometric contractions as previously described
(Lima et al., 2005; Nojimoto et al., 2010). Briefly, the prostate,
vas deferens (epididymal portion), spleen (hemi-sections) and
thoracic aorta (~5 mm rings, endothelium denuded) were
cleaned of adherent tissues and mounted in organ baths under
9.8 mN (prostate, vas deferens and spleen) or 14.7 mN (aorta)
tension in a solution with the following composition (mM):
NaCl 138, KCl 5.7, CaCl2 1.8, NaH2PO4 0.36, NaHCO3 15,
dextrose 5.5 (for vas deferens) or KHS (for prostate, spleen and
aorta) prepared in glass-distilled, deionized water, maintained
at 30 °C (vas deferens) or 37 °C (prostate, spleen and aorta),
pH 7.4, and continuously bubbled with 95%O2/5%CO2. All
experiments were performed in the presence of a cocktail of
inhibitors containing desipramine (100 nM), corticosterone
(10 μM), yohimbine (100 nM) or idazoxan (3 μM, for spleen)
and propranolol (0.1 μM), L-748,337 (300 nM) to block neuro-
nal uptake, extraneuronal uptake, and α2- and β-adrenoceptors
respectively. CRCs to noradrenaline (vas deferens, spleen and
aorta) or phenylephrine (prostate) were obtained in absence
or presence of increasing concentrations of mirabegron
(10–100 μM) preincubated for 45 min.

Schild analysis
The pA2 values for mirabegron were calculated by Schild
regression analysis (Arunlakshana and Schild, 1959). The
ratios between the half-maximal concentrations of agonists
(concentration ratios, CR) were calculated only when the
maximal amplitude of the CRCs in the presence of the
competitive antagonists was similar to that obtained in its
absence. Data were plotted as log antagonist concentrations
British Journal of Pharmacology (2016) 173 415–428 417
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(M) versus log (CR - 1). For calculation purposes, the slope
parameter was constrained to 1.0 when statistically not
different from unity, and pA2 was assumed as an estimate of
mirabegron affinity. When an insufficient number of concen-
trations of mirabegron were tested, the pA2 was calculated
using the following formula: pA2 = log (CR� 1) – log B, where
B is the antagonist concentration and CR the agonist concen-
tration ratio.
Cell culture, transfections and [3H]prazosin
binding
HEK-293 cells were kindly provided by Professor Maria de
Fátima Magalhães Lazari (Section of Experimental Endocri-
nology, Department of Pharmacology, Escola Paulista de
Medicina – UNIFESP). These cells were propagated in
100 mm dishes in DMEM with sodium pyruvate, supple-
mented with 10% heat inactivated FBS, 10 mg·mL�1 strepto-
mycin and 100 U·mL�1 penicillin in a humidified
atmosphere with 5% CO2. Cells were transfected with 15 μg
of cDNA of the plasmid pDT, containing N-terminal sequen-
tial hexahistidine and FLAG epitope-tagged human α1A-,
α1B- or Δ

1–79α1D-adrenoceptors by Lipofectamin® (Invitrogen,
Carlsbad, CA, USA), and stably transfected cells selected with
geneticin (400 μg·mL�1). The α1D subtype is improperly
folded and primarily found in the intracellular compartment,
and due to this limitation, we used a truncated mutant in
which the first N-terminal extracellular 79 amino acids were
deleted (Δ1–79α1D-adrenoceptor). This form of the α1D-
adrenoceptor trafficks more efficiently towards the cell mem-
brane and has pharmacological properties indistinguishable
from the full-length receptor in respect to key α1-
adrenoceptor ligands such as noradrenaline, prazosin and
BMY7378 (Pupo et al., 2003; Hague et al., 2004; Nojimoto
et al., 2010). The constructs were generously provided by
Professor KP Minneman (Emory University, Atlanta, GA)
and are described fully elsewhere (Vicentic et al., 2002; Pupo
et al., 2003).

For radioligand binding measurements, confluent cul-
tures of HEK-293 cells in 100 mm plates were washed with
PBS (20 mM NaPO4, 154 mM NaCl and pH 7.6) and har-
vested by scraping. HEK-293 cells expressing recombinant
human α1A-, α1B- or Δ1–79α1D-adrenoceptors were collected
by centrifugation and homogenized with a Polytron. Mem-
branes were collected by centrifugation at 30 000× g for
20 min and resuspended in buffer A (25 mM HEPES,
150 mM NaCl and pH 7.4). The content of the α1A-, α1B-
or Δ1–79α1D-adrenoceptors in these membrane preparations
were 1.2, 0.78 and 1.3 pmol·mg�1 protein respectively.
The equilibrium dissociation constants (Ki) for mirabegron
were measured by displacement of specific binding of the
α1-adrenoceptor radioligand [3H]prazosin (350 pM) by
mirabegron. Non-specific binding was defined as binding
in the presence of 100 μM phentolamine and ranged from
≅15 to 25% of the [3H]prazosin total binding. The final
volume of the assays was 500 μL containing 10 μg of
protein and 350 pM [3H]prazosin. Each data point was
determined in duplicate and analysed by nonlinear regres-
sion analysis using the software package GraphPad Prism
(version 5.00).
418 British Journal of Pharmacology (2016) 173 415–428
Quantitative real-time PCR
For quantitative real-time PCR and analysis of mRNA encoding
β1- (Adrb1), β2- (Adrb2) and β3-adrenoceptors (Adrb3), RNAwas
treated with DNAseI (Fermentas, Life Science, Hanover, MD,
USA), and complementary DNA was synthesized from 1 μg
RNA, using the RevertAid H Minus First Strand cDNA Synthesis
Kit (Fermentas), according to the manufacturer’s protocol. Syn-
thetic PCR primers were designed using the Primer Express soft-
ware (Life Technologies, Carlsbad, CA, USA) and analysed by
BLAST, to verify specificity, and Gene Runner, to evaluate the for-
mation of structures such as hairpins and dimers. The primer ef-
ficiencies for Adrb1, Adrb2 and Adrb3 were 103, 83 and 100%,
respectively, and were determined in the heart (Adrb1) and blad-
der (Adrb2 and Adrb3). Quantitative real-time PCR was per-
formed using SYBR Green quantification and employing the
ABI StepOne Plus equipment (Life Technologies). Amplification
specificity was verified using a dissociation curve, and the results
were expressed by the difference between Ct values of chosen
genes (Adrb1, Adrb2 and Adrb3) and the average of the house-
keeping genes actin/GAPDH (deltaCt). The signal strength for ac-
tin (Ct: 21.39 ± 0.28) andGAPDH (Ct: 20.87 ± 0.37) did not differ.

Primer sequences employed for quantitative PCR:
Gene
 Primers
Optimal primer

concentration (nM)
Adrb1_F
 5′-CGA ATC ATC CGA GAC

GTA CAG A-3′
70
Adrb1_R
 5′-AGC CAT ACT AAG CCA

CAC TCT CC-3′
Adrb2_F
 5′-AGC TGC AAA CAA GA G

AGA GAA ACT-3′
70
Adrb2_R
 5′-CAG ACA GAC AGA CAG

ACT CAG TCC T-3′
Adrb3_F
 5′-ACA GGT TTG ATG GCT

ATG AAG G-3′
150
Adrb3_R
 5′-ATG GGG ATC AAG CAA

GCT TC-3′
Actb_F
 5′-ACT GCC GCA TCC TCT

TCC T-3′
70
Actb_R
 5′-GAA CCG CTC GTT GCC

AAT A-3′
Gapdh_F
 5′-TGC ACC ACC AAC TGC

TTA-3′
70
Gapdh_R
 5′-GGA TGC AGG GAT GAT

GTT C-3′
Determination of cAMP levels in mouse urethra
After animals were killed by CO2 asphyxiation, urethras were
immediately excised and equilibrated for 45 min in bubbled
KHS. All tissues were then incubated with IBMX (500 μM,
20 min). Urethral rings were stimulated with either
mirabegron (10 μM, 3 min) or isoprenaline (10 μM, 3 min)
pre-incubated or not with L-748,337 (30 μM, 30 min). Tissues
were immediately frozen in liquid nitrogen, pulverized and
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subsequently processed for cAMP measurement using ELISA

immunoassay kit, according to the manufacturer’s protocol
(Cayman Chemical Cyclic AMP EIA kit, Ann Arbor, MI,
USA). A pool of three urethras was used to constitute each
experimental sample.

Data analysis of functional assays and
statistical analysis
Data from the functional assays were analyzed by nonlinear
regression using GraphPad Prism (GraphPad Software Inc.,
San Diego, CA, USA) to determine the pEC50. Concentration–
response data was fitted to a log dose-response function with
variable slope in the form: E = Emax/([1 + (10c/10x)n] + F),
where E is the maximum response produced by agonists; c is
the logarithm of the EC50, the concentration of drug that
produces a half-maximal response; x is the logarithm of the
concentration of the drug; the exponential term, n, is a curve
fitting parameter that defines the slope of the concentration–
response line, and F is the response observed in the absence
of added drug. Concentration-response data for the relaxation
of mouse urethra by isoprenaline and mirabegron were also
fitted according a biphasic dose-response model using
GraphPad Prism according the function E = Emax (Frac)/
(1 + (10c’/10x’)n’) + Emax(1-Frac)/(1 + (10c”-10x”)n”) + F,
where Frac is the proportion of maximal response due to
the more potent phase, 10c’, 10x’ and n’ are the above
described parameters for the first phase and 10c”, 10x”
and n” for the second phase. Values of Emax are shown
in mN (contraction protocols), whereas relaxing responses
were calculated as percentages of the maximal changes
from the steady-state contraction produced by phenyleph-
rine (10 μM) in each tissue (mouse urethra). The nH of
the CRCs and slope of the regression line in the Schild plot
are expressed as means with 95% confidence intervals.
Otherwise, data are expressed as means ± SEM of the num-
ber of animals or cell membrane preparations. In the bind-
ing assays, each data point was determined in duplicate
and analyzed by nonlinear regression analysis using the
software package GraphPad Prism (version 5.00, San Diego,
California, USA). The program Instat (GraphPad software)
was used for statistical analysis. One-way ANOVA or unpaired
Student’s t-test were used to assess the results. P < 0.05 was
taken as showing a significant difference. F-test was used to
assess whether log dose-response or biphasic dose-response
models better described the relaxations of the mouse urethra
produced by mirabegron and isoprenaline and the results of
the analysis are presented in the form of F value, the associ-
ated degrees of freedom (dfn, dfd) and P value.

Materials
(R)-(�)phenylephrine hydrochloride, L-(�)-noradrenaline (+)-
bitartrate salt monohydrate, DL–isoprenaline hydrochloride
(isoprenaline), [Arg8]-vasopressin acetate salt, ICI-118,551
hydrochloride ((±)-1-[2,3-(dihydro-7-methyl-1 H-inden-4-yl)
oxy]-3-[(1-methylethyl)amino]-2-butanol hydrochloride),
L-748,337 (N-(3-{3-[2-(4-benzenesulfonylamino-phenyl)-
ethylamino]-(2S)-2-hydroxy-propoxy}-benzyl)-acetamide hy-
drate; ODQ (1 H-[1,2,4] oxadiazolo[4,3-a]quinoxalin-1-one),
rolipram, yohimbine hydrochloride, (±)-propranolol hydrochlo-
ride, β-estradiol 3-benzoate (17β-estradiol), corticosterone,
desipramine hydrochloride, idazoxan hydrochloride, phentol-
aminemesylate and IBMX were obtained from Sigma-Aldrich
Chem Co. (St. Louis, MO, USA). Mirabegron was purchased
from Debye Scientific Co., Ltd. (Hong Kong, China). [3H]
prazosin ([7-methoxy-3 H]prazosin) was obtained from
Amersham Biosciences (GE Healthcare, Buckinghamshire,
UK). Stock solutions of ODQ, rolipram, IBMX and
mirabegron were prepared in DMSO as vehicle, and the final
concentration of DMSO never exceeded 0.53% in the func-
tional or biochemical assays. The other drugs were solubilized
in deionized water. Drugs were stored in aliquots at �20 °C,
and dilutions were prepared immediately before use.
Results

Mouse urethral relaxations induced by
isoprenaline and mirabegron
In mouse urethral rings, phenylephrine (10 μM) induced
sustained sub-maximal contractions with amplitude of
2.1 ± 0.16 mN (n = 4). Cumulative addition of the non-
selective β-adrenoceptor agonist isoprenaline (1 nM to
1 mM) to phenylephrine-pre-contracted tissues produced
concentration-dependent urethral relaxations that were
best described by a biphasic dose–response model, rather
than a log dose–response with variable slope model [Figure 1;
F (dfn, dfd): 40.38 (3, 45); P < 0.0001]. The first relaxation
phase was achieved between 1 nM and 1 μM (saturating at
67.5 ± 2.5% of the Emax), which was followed by a second
relaxation phase achieved between 10 μM and 1 mM (Emax:
111.0 ± 1.9%). The estimated pEC50 values for the first and
second components of this biphasic CRC were 7.10 ± 0.05
and 4.17 ± 0.06, respectively, whereas the nH were 1.03
(0.79–1.28) and 1.69 (1.02–2.35) for the first and second com-
ponents respectively. Prior treatment of urethral preparations
with the selective β3-adrenoceptor antagonist L-748,337
(30 μM, 30 min) converted this biphasic relaxant response
to isoprenaline into a CRC best described by a log dose–
response with variable slope model [Figure 1, nH = 0.84,
0.75–0.93; F (dfn, dfd): 1.767 (4, 42); P < 0.1536]. In the pres-
ence of a cocktail containing atenolol (10 μM), ICI-118,551
(10 μM) and L-748,337 (30 μM) preincubated for 30 min,
the first relaxation phase was virtually abolished, whereas
the second phase was little affected [Figure 1; nH = 1.25,
1.13–1.38; F (dfn, dfd): 2.975 (4, 43); P < 0.1138]. This
indicates that mechanisms other than the activation of
β-adrenoceptors are involved in the relaxations of the mouse
urethra produced by concentrations of isoprenaline higher
than 3 μM.

Cumulative addition of mirabegron (1 nM–100 μM) to
mouse urethra pre-contracted with phenylephrine produced
concentration-dependent relaxations. Although less clearly
biphasic as the CRC for isoprenaline, the CRC for the relaxa-
tion induced by mirabegron was shallow and best described
by a biphasic dose–response model rather than a log dose–
response with variable slope model [Figure 1 (dfn, dfd):
6.968 (4, 37); P = 0.0003]. The first relaxation phase saturated
at 32 ± 14% of the Emax with pEC50 = 7.71 ± 0.43, whereas
the second phase saturated at 110.9 ± 2.4% with
pEC50 = 5.57 ± 0.08; the nH for the first and second
British Journal of Pharmacology (2016) 173 415–428 419



Figure 1
CRCs to isoprenaline and mirabegron in mouse isolated urethra smooth muscle. Responses to isoprenaline (A) were evaluated with or without
either L-748,337 (30 μM) alone or in combination with atenolol (10 μM) and ICI-118,551 (10 μM). Responses to mirabegron were evaluated with
or without atenolol (10 μM; B), ICI-118,551 (10 μM; C) or L-748,337 (1–30 μM; D). (D) Dotted lines indicate the urethral relaxations at the levels
of 25% and 75%. (E) The Schild plot for L-748,337 at mirabegron’s pEC25. (F) CRCs to mirabegron in urethra pre-contracted with KCl (80 mM),
arginine-vasopressin (60 nM) and endothelin-1 (100 nM). Relaxations were calculated relative to the maximal changes from the contraction pro-
duced by phenylephrine (10 μM) in each urethral ring, which was taken as 100%. Data are presented as mean ± SEM (n = 3–4 different animals
for each curve).
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components was 0.84 (0.72–2.41) and 1.22 (0.78–1.67) re-
spectively. Prior incubation (30 min) with either the β1-
adrenoceptor antagonist atenolol (10 μM, Figure 1, n = 4) or
the β2-adrenoceptor antagonist ICI-118,551 (10 μM, Figure 1,
n = 5) failed to significantly affect mirabegron-induced relax-
ations in mouse urethra. On the other hand, prior incubation
with L-748,337 (3–30 μM, but not 1 μM) produced non-
parallel concentration-dependent rightward shifts in
mirabegron-induced relaxations, and these CRCs were best
described by log dose–response model with variable slope
(Figure 1; Table 1). However, it is noticeable that the
Table 1
Parameters of agonism for mirabegron in the mouse urethra (pEC50, Emax an
log dose–response versus biphasic dose–response models

0 (Control) 1

Mirabegron First

phase

pEC50 7.14 ± 1.19 6.94 ±

Saturation

(%Emax)

39 ± 31 35 ±

nH 0.955–2.094

Second phase pEC50 5.40 ± 0.12 5.40 ±

Emax 118.3 ± 3.3 116.7 ±

nH 0.44–1.86 0.51–

Fitting

comparison

F (dfn, dfd) Biphasic

6.360 (3, 92)

Biph

5.034 (

P-value 0.0006 0.00

n.d., not determined, ambiguous fit to the biphasic model.
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relaxations produced by the lowest concentrations of
mirabegron (1 nM to 0.3 μM, roughly the first phase of the
CRC) were more effectively antagonized by L-748,337 than
the relaxations produced by concentrations of mirabegron
corresponding to the second phase of the CRC (roughly 3–
100 μM, Figure 1). Therefore, the potency of L-748,337 in an-
tagonizing the relaxations induced by mirabegron was deter-
mined at two arbitrarily chosen distinct levels of response,
one corresponding to the first phase of the biphasic control
CRC (pEC25) and the other corresponding to the midpoint
of the second phase of the biphasic CRC (pEC75). In fact,
d nH) in absence (control) and presence of L-748,337 and fitting for

L-748,337 (μM)
3 10 30

0.97 5.66 ± 0.05 4.99 ± 0.12 4.92 ± 0.06

0.29 121.6 ± 2.6 135.4 ± 9.0 122.2 ± 4.0

0.76–1.07 0.52–0.70 0.85–1.40

0.14

3.2

1.77

asic

3, 37)

Monophasic n.d. Monophasic n.d. Monophasic

0.7760 (3, 44)

50 0.5137
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the pA2 values for L-748,337 derived from the rightward
shifts at mirabegron’s pEC75 were significantly lower than
the pA2 values calculated from the rightward shifts produced
at mirabegron’s pEC25 (Table 2). The differences in the poten-
cies of L-748,337 in antagonizing the relaxations induced by
‘low’ and ‘high’ concentrations of mirabegron suggest that
different relaxant mechanisms were operating in these two
mirabegron concentration ranges.

In tissues pre-contracted with KCl (80 mM, n = 4),
arginine-vasopressin (60 nM, n = 4) or endothelin-1
(100 nM, n = 3–4), mirabegron (1 nM to 0.3 mM) failed to
produce significant urethral relaxations (Emax: 1.0 ± 0.9%,
2.3 ± 2.2% and 5.7 ± 5.6%, respectively, Figure 1).
Cyclic AMP production and involvement of the
NO/cGMP signalling pathway in
mirabegron-induced relaxations of mouse
urethra
Rolipram (10 μM) was incubated with the urethral rings for
30 min, after which preparations were pre-contracted with
phenylephrine. At this concentration, rolipram affected nei-
ther the basal tone of the preparations (not shown) nor that
Table 2
Potencies of mirabegron (pEC75 and pEC25) in absence (control) and prese

0 (Control) 3 μM (pA2)

Mirabegron pEC75 5.27 ± 0.10 5.37 ± 0.05 (n.d.)

pEC25 6.35 ± 0.07 6.18 ± 0.05 (5.83 ± 0.

nH 0.54 (0.47–0.60) 0.79 (0.56–0.94

*P < 0.01, significantly different from the respective pA2 value calculated at m

Figure 2
Concentration–response curves to mirabegron in mouse isolated urethra s
measured with or without either rolipram (10 μM; A) or ODQ (10 μM; C). Re
old concentrations of mirabegron (0.1 and 1 μM; B). Cyclic AMP production
L-748,337 is shown in (D). Relaxations were calculated relative to the maxim
in each urethral ring, which was taken as 100%. Data are presented as mean
corresponding respective control/basal; ANOVA followed by Tukey’s test.
induced by phenylephrine (1.70 ± 0.20 and 1.47 ± 0.13 mN,
n = 4). However, rolipram significantly increased the
mirabegron-induced relaxations, as observed at the Emax

level (P < 0.05; Figure 2). The pEC50 did not significantly
change between control and rolipram-treated preparations
(5.53 ± 0.11 and 5.45 ± 0.16 for control and rolipram; n = 4).
Likewise, co-incubation of a threshold dose of mirabegron
(0.1 and 1 μM) enhanced by 29.7% (P < 0.05) and 75.8%
(P < 0.01) the rolipram (1 μM)-induced urethral relaxations
(30.6 ± 3.0, 39.8 ± 2.2 and 53.8 ± 3.5 for rolipram alone,
and rolipram plus mirabegron at 0.1 and 1 μM respectively;
n = 5–6; Figure 2).

Stimulation of urethral rings with either mirabegron
(10 μM, 3 min) or isoprenaline (10 μM, 3 min) significantly
elevated (P < 0.05) the cAMP levels above basal levels
(Figure 2; n = 5–6). Pre-incubation of urethra with L-748,337
(30 μM, 30 min) fully prevented the increases in cAMP
produced by isoprenaline and mirabegron (Figure 2).

Relaxations of vascular smooth muscle in response to β3-
adrenoceptor activation may be coupled to the NO/cGMP
pathway (Flacco et al., 2013). Therefore, CRCs for mirabegron
were also carried out in the presence of the soluble GC inhib-
itor ODQ (10 μM, 20 min, n = 4–5). Figure 2 shows that ODQ
nce of L-748,337 and the respective pA2 values and nH of the CRCs

L-748,337
10 μM (pA2) 30 μM (pA2)

4.81 ± 0.13 (5.28 ± 0.10) 4.76 ± 0.07 (5.05 ± 0.07)

07) 5.59 ± 0.07 (5.82 ± 0.04*) 5.33 ± 0.07 (5.80 ± 0.04*)

) 0.61 (0.52–0.70) 1.12 (0.85–1.40)

irabegron pEC75.

mooth muscle and cyclic AMP production. Relaxant responses were
sponses to rolipram (1 μM) were measured in the presence of thresh-
in mirabegron and isoprenaline-stimulated urethra in the presence of
al changes from the contraction produced by phenylephrine (10 μM)
± SEM. (n = 4–6). *P < 0.05, **P < 0.01; significantly different from
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Table 3
Maximal responses (Emax) and potency (pEC50) values derived
from concentration–response curves to phenylephrine (0.1 μM to
10 mM) in mouse isolated urethral preparations in the absence and
in the presence of mirabegron (1–100 μM)

BJP E C Alexandre et al.
failed to affect mirabegron-induced urethral relaxations, as
evaluated at the level of pEC50 (5.67 ± 0.10 and 5.52 ± 0.14
for untreated and treated preparations, respectively) and Emax

values (115 ± 6.4% and 116 ± 4.3% for untreated and treated
preparations respectively).
Groups Emax (mN) pEC50

Control 5.8 ± 0.3 5.45 ± 0.05

Mirabegron 1 μM 6.2 ± 0.2 5.34 ± 0.03

Mirabegron 10 μM 5.9 ± 0.1 4.90 ± 0.02***

Mirabegron 30 μM 5.6 ± 0.1 4.55 ± 0.03***

Mirabegron 100 μM 5.8 ± 0.5 4.17 ± 0.06***

Urethral preparations were pretreated (30 min) with a cocktail of
inhibitors containing yohimbine (100 nM), propranolol (100 nM),
L-748,337 (10 μM), 17β-estradiol (10 μM) and desipramine
(100 nM).
***P < 0.001, significantly different from control group; ANOVA

followed by Tukey’s test. Data are presented as mean ± SEM of four
experiments.
Phenylephrine-induced contractions of mouse
urethra
Cumulative addition of phenylephrine (0.01–300 μM) pro-
duced concentration-dependent contractions in isolated ure-
thra rings, achieving maximal responses at 100 μM (Figure 3).
Prior incubation of urethra (30 min) with mirabegron
(0.1–10 μM, n = 4) produced concentration-dependent
rightward shifts in the phenylephrine-induced contractions
(pEC50: 5.57 ± 0.03, 5.48 ± 0.07, 5.08 ± 0.03 and 4.74 ± 0.07
for control and mirabegron at 0.1, 1 and 10 μM respectively;
P < 0.001 for mirabegron 1 and 10 μM when compared with
control group). However, Schild analysis showed that
mirabegron presented a complex behaviour, as the slope in
the Schild plot was much lower than 1.0 (slope = 0.63,
0.47–0.80, Figure 3).

In a separate set of experiments, urethral rings were incu-
bated with a cocktail of inhibitors containing yohimbine
(100 nM), propranolol (100 nM), L-748,337 (10 μM), 17β-
estradiol (10 μM) and desipramine (100 nM). CRCs to phenyl-
ephrine did not significantly change in comparison with
the preparations in the absence of this inhibitor cocktail
(Figure 3). In addition, mirabegron (10–100 μM, n = 4)
produced similar concentration-dependent rightward shifts
in the phenylephrine-induced contractions with no changes
in the maximal response (Figure 3; Table 3). The Schild
Figure 3
Concentration–response curves to phenylephrine (PE) in mouse isolated ure
preparations were not pretreated (A) or pretreated (B) with a cocktail of
L-748,337 (10 μM), 17β-estradiol (10 μM) and desipramine (100 nM). (C) S
(D) Representative original traces for PE-induced urethral contractions in
presented as mean ± SEM (n = 4–6).
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analysis showed that mirabegron behaved as a competitive
antagonist of α1-adrenoceptors with slope in the Schild plot
not different from theoretical unity (0.84, 0.65–1.03 and
pA2 = 5.34 ± 0.04, Figure 3).

Mirabegron (10 μM, 30min) did not affect the urethral con-
tractions induced by arginine-vasopressin (0.1 nM to 1 μM), as
evaluated at the level of both pEC50 (7.66 ± 0.04 and 7.66 ± 0.08
in absence and presence of mirabegron, respectively) and Emax

(5.64 ± 0.3 and 5.88 ± 0.5 mN in absence and presence of
thra with or without different concentrations of mirabegron. Urethral
inhibitors containing yohimbine (100 nM), propranolol (100 nM),
child plots for mirabegron with and without the cocktail of inhibitors.
a preparation pretreated with the cocktail of inhibitors. Data are
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mirabegron, respectively; n = 4). Mirabegron (10 μM, 30 min)
also failed to affect the urethral contractions induced by KCl
(80 mM; 4.46 ± 0.34 and 4.74 ± 0.09 mN; n = 4–5).
Selectivity of mirabegron for α1-adrenoceptor
subtypes of the rat vas deferens, prostate, spleen
and aorta
Contractions induced by noradrenaline and phenylephrine
in the rat vas deferens/prostate, spleen and aorta are medi-
ated predominantly by activation of α1A-, α1B- and α1D-
adrenoceptors respectively (Aboud et al., 1993; Marshall
et al., 1996; Nojimoto et al., 2010). Therefore, we have used
these rat preparations to evaluate the potential antagonism
of α1A-, α1B- and α1D-adrenoceptors by mirabegron.

In the rat vas deferens and prostate (α1A-adrenoceptor),
mirabegron (10–100 μM) produced concentration-dependent
rightward shifts with a slope in the Schild plot not different
from theoretical unity (vas deferens 1.01, 0.76–1.25, and
prostate 0.91, 0.69–1.13, Figure 4; n = 6). Likewise, in the rat
Figure 4
Concentration–response curves to noradrenaline or phenylephrine (PE) in
(10–100 μM) in rat isolated vas deferens (A), prostate (B), aorta (C) and
deferens, prostate and aorta. (F) Competition for the specific binding of [3H
cells expressing α1A-, α- and Δ1–79α1D-adrenoceptors. Data are presented as
aorta (α1D-adrenoceptor), mirabegron displaced to the right
the CRC to noradrenaline with a slope in the Schild plot not
different from theoretical unity (1.08, 0.66–1.50, Figure 4;
n = 4–8). The pA2 values estimated for mirabegron in the vas
deferens (5.64 ± 0.05), prostate (5.55 ± 0.04) and aorta
(5.51 ± 0.07) were not different from the values found in
urethra (pA2 = 5.35). On the other hand, the noradrenaline-
induced contractions in the rat spleen (α1B-adrenoceptor)
remained unchanged bymirabegron (up to 100 μM, Figure 4).
Selectivity of mirabegron for recombinant α1-
adrenoceptor subtypes in HEK-293 cells
The competition for the specific binding of [3H]prazosin by
mirabegron in membrane preparations from HEK-293 cells
expressing α1A-, α1B- and Δ1-79α1D-adrenoceptors is shown in
Figure 4. Mirabegron presented much higher affinities for
α1A- (pKi = 6.36 ± 0.17, n = 3,) and Δ1–79α1D-adrenoceptors
(pKi = 5.74 ± 0.16, n = 3), than for α1B-adrenoceptors
(pKi = 4.59 ± 0.11, n = 3).
absence and presence of increasing concentrations of mirabegron
spleen (D) preparations. (E) The Schild plots for mirabegron in vas
]prazosin by mirabegron in membrane preparations from HEK-293
mean ± SEM (n = 4–6).
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MRNA expression for β-adrenoceptors in mouse
urethral smooth muscle
The quantitative real-time PCR (ΔCt) for β1, β2 and β3-
adrenoceptors was, respectively, 10.6 ± 0.44, 5.7 ± 0.14 and
11.9 ± 0.47.
Discussion
Mirabegron has been successfully introduced in clinical prac-
tice as the first β3-adrenoceptor agonist for OAB treatment
(Chapple et al., 2013). In the present study, we have identified
β3-adrenoceptors in the mouse urethral smooth muscle, the
activation of which resulted in efficient in vitro urethral relax-
ations. Mirabegron also unexpectedly behaved as a competi-
tive α1-adrenoceptor antagonist, presenting higher affinities
for rat α1A- (vas deferens and prostate) and α1D-adrenoceptors
(aorta), which was confirmed in radioligand binding with
human recombinant α1A- and α1D-adrenoceptors.

Activation of the sympathetic nervous system in the
urinary bladder is well known to contribute to urine storage
by relaxing the detrusor muscle via activation of β2- and
β3-adrenoceptors (Yamazaki et al., 1998; Wuest et al., 2009).
However, much less information exists on the presence and
functional importance of β3-adrenoceptors in the urethral
smooth muscle. Coordinated contraction and relaxation of
the urethra smooth muscle are essential for maintaining
continence and effective voiding, and an altered function of
the bladder neck and urethra may lead to inappropriate or
un-coordinated functions of the bladder outlet (Michel and
Vrydag, 2006). The importance of the β3-adrenoceptors was
first shown by Takeda et al. (2003) and Yamanishi et al.
(2003) who demonstrated the ability of the β3-adrenoceptor
agonists CL316243 or BRL37344 to produce, in vitro, urethral
relaxations in rat, dog and guinea pig preparations, with little
information on β-adrenoceptors in the mouse urethra. In the
present study, the non-selective β-adrenoceptor agonist iso-
prenaline clearly produced a biphasic pattern of relaxation
in the mouse isolated urethra, which turned to be a
monophasic curve in the presence of a high concentration
of the selective β3-adrenoceptor antagonist L-748,337 (or in
the presence of a cocktail of antagonists containing atenolol,
ICI-118,551 and L-748,337). Apart from implying that a het-
erogeneous population of β-adrenoceptor subtypes mediated
the mouse urethral relaxations, these results also indicated
that mechanisms other than the agonism of β-adrenoceptors
were involved in the relaxation produced by isoprenaline in
the mouse urethra pre-contracted with phenylephrine. It is
known that isoprenaline in concentrations higher than
1 μM interacts with α1-adrenoceptors, usually behaving as a
weak partial agonist (Trendelenburg, 1974), and this may
explain why the second, low potency phase of the CRC for
isoprenaline was little affected by β-adrenoceptor antago-
nists. In addition, mirabegron produced a full relaxant
response in the mouse urethra that was unaffected by ateno-
lol (selective β1-adrenoceptor antagonist) and ICI-118,551
(selective β2-adrenoceptor antagonist) but was instead
displaced to the right by the selective β3-adrenoceptor
antagonist L-748,337. However, it is important to note that
the CRCs for mirabegron in the relaxation of mouse urethra
424 British Journal of Pharmacology (2016) 173 415–428
pre-contracted with phenylephrine were very shallow (nH
lower than 1.0) and that L-748,337 was more effective in
antagonizing the effects produced by concentrations of
mirabegron up to 1 μM than those produced by higher
concentrations. This indicated that different mechanisms
might be responsible for the relaxations produced by ‘low’

(<1 μM) and high concentrations of mirabegron (>1 μM).
The potency of L-748,337 against mirabegron-induced re-

laxations of mouse urethra (pA2 ≈ 5.8) was relatively low but
consistent with the broad range of reported potency/affinity
values at rodent β3-adrenoceptors determined in functional
studies or radioligand binding assays (pKB = 5.4–7.95, Deba
et al., 2009; Palea et al., 2012; van Wieringen et al. 2013;
pKi = 6.5, Candelore et al., 1999) but was significantly lower
than the reported potencies/affinities at the human β3-
adrenoceptor (pKB = 7.6–9.5, Sato et al., 2008; Wuest et al.,
2009; D’Agostino et al., 2015; pKi = 8.4–8.6, Candelore et al.,
1999; van Wieringen et al., 2013), indicating that there are
important pharmacological differences depending both on
the species investigated and on the method employed in
the quantification of affinity of L-748,337 (i.e. radioligand
binding vs. functional assays). Actually, a recent study
revised the usefulness of the pharmacological tools currently
available for β3-adrenoceptors and pointed that although
L-748,337 remains the most suitable among the selective β3-
adrenoceptor antagonists, this ligand presents considerably
lower affinities for rodent β3-adrenoceptors than for the
human receptor (Cernecka et al., 2014).

To assess the presence of β-adrenoceptor in the mouse ure-
thral tissue, we processed real-time PCR analysis and identified
similar levels of mRNA encoding β1-, β2- and β3-adrenoceptors
in this tissue. This finding is consistent with our functional
data showing rightward shifts for isoprenaline-induced relaxa-
tions in the presence of selective antagonists for these recep-
tors (atenolol, ICI-118,551 and L-748,337 respectively). The
classical signalling pathway of β-adrenoceptor, including the
β3-adrenoceptor subtype, is activation of adenylyl cyclase with
consequent generation of cAMP, which is inactivated by hydro-
lysis to AMP, by PDE4 (Hatanaka et al., 2013). However, no pre-
vious study has evaluated the role of cAMP signalling in
modulation of urethral relaxations. Therefore, to evaluate the
cAMP pathway, we conducted relaxation curves in mouse
urethra with the PDE4 inhibitor rolipram and measured the
urethral cAMPproduction. In fact,mirabegron increased cAMP
production in mouse urethra, and this effect was prevented by
L-748,337, indicating involvement of β3-adrenoceptors.
However, incubation with the PDE4 inhibitor rolipram pro-
duced only a small (but significant) increase of mirabegron-
induced relaxations of mouse urethra, suggesting that cAMP
plays a minor role in this effect. Interestingly, in the rat bladder
under no pre-contraction, selective β2- and β3-adrenoceptor
activation produced concentration-dependent relaxations that
were accompanied by concomitant increases of cAMP levels;
however, in KCl-pre-contracted tissues, the bladder relaxations
did not correlate linearly with the cAMP production (Uchida
et al., 2005). It has been proposed that calcium-dependent
potassium channels account for the β-adrenoceptor activation
in bladders pre-contracted with KCl (Frazier et al., 2005).

NO released by the nitrergic fibers is the main neurotrans-
mitter involved in urethral relaxations during the voiding
phase. The target of NO is the enzyme soluble GC, which
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catalyses the conversion of GTP to the intracellular second
messenger cGMP, mediating NO-induced relaxations. Given
that β3-adrenoceptors may be coupled to NO release in vascu-
lar (Graves and Poston, 1993; Flacco et al., 2013) and bladder
smooth muscle (Birder et al., 2002), we next examined the
potential involvement of NO in the mirabegron-induced re-
laxations. Preincubation with the soluble GC inhibitor ODQ
failed to affect mirabegron-induced relaxations, excluding
the involvement of the cGMP pathway. At the concentra-
tion used, ODQ markedly reduced the mouse urethral relax-
ations induced by the NO donor compounds sodium nitrite,
S-nitrosoglutathione and glyceryl trinitrate (Alexandre
et al., 2014).

In the lower urinary tract, α1-adrenoceptor subtypes have
been identified in bladder neck, urethra and prostate. In
human proximal urethra smooth muscle, the mRNA for
α1A-adrenoceptors accounts for 90–100% and that for α1D-
adrenoceptors for 10%, whereas the mRNA for the α1B-
adrenoceptors was not detectable (Nasu et al., 1998). In
the rat urethra, there are all three α1-adrenoceptor subtypes,
with the α1A-adrenoceptor mRNA as the predominant gene
transcript (Yono et al., 2006). Activation of α1-adrenoceptor
during the storage phase contributes to the bladder outlet
resistance, a mechanism greatly increased in elderly men
with enlarged prostates (Michel and Vrydag, 2006). As
discussed above, mirabegron produces mouse urethral
relaxations with high efficacy in tissues pre-contracted with
the α1-adrenoceptor agonist phenylephrine. Our findings
that mirabegron failed to promote efficient relaxation of
urethral preparation when tissues are pre-contracted with
the peptide arginine-vasopressin or KCl prompted us to
hypothesize that mirabegron-induced urethral relaxations
were due, at least in part, to α1-adrenoceptor antagonism.
Mirabegron concentration dependently produced rightward
shifts in the CRC to phenylephrine in mouse urethra with
no modifications of the maximal responses, but the behav-
iour presented by mirabegron was not consistent with sim-
ple competitive antagonism, as the slope in the Schild plot
was much lower than the theoretical unity. In separate ure-
thral preparations, we repeated the CRCs to phenylephrine
in the presence of a cocktail of inhibitors aimed to isolate
the α1-adrenoceptor and to block the extraneuronal and
neuronal monoamine uptake systems (yohimbine, propran-
olol, L-748,337, 17β-estradiol and desipramine). Similarly,
mirabegron markedly displaced to the right the CRCs to
phenylephrine, and the Schild analysis revealed a slope
not different from theoretical unity in tissues incubated
with the cocktail of inhibitors, supporting competitive
antagonism of α1-adrenoceptor by mirabegron in the mouse
urethra. Interestingly, mirabegron was about three times
more potent to shift the phenylephrine-induced CRC to
the right in the absence (pA2 = 5.92), compared with its po-
tency on preparations treated with the cocktail of inhibitors
(pA2 = 5.40). This finding is likely to reflect the two com-
bined actions of mirabegron, that is, (i) functional antago-
nism resulting from β3-adrenoceptor-induced relaxations
counteracting the urethral contractions and (ii) competitive
antagonism due to α1-adrenoceptor blockade. In the
presence of the cocktail of inhibitors, which contains the
β3-adrenoceptor antagonist L-748,337, the rightward dis-
placement by mirabegron would be solely produced by the
α1-adrenoceptor blockade explaining the lower potency for
mirabegron in the antagonism of contractions induced by
phenylephrine. Consistent with this explanation is the fact
that the Schild plot for mirabegron in the absence of the
cocktail yields a slope much lower than unity, whereas in
the presence of the cocktail, the slope did not differ from
the theoretical unity predicted for competitive antagonism.

We next used the rat vas deferens, spleen and aorta to
investigate the α1-adrenoceptor subtypes antagonized by
mirabegron. The full α1-adrenoceptor agonists noradrenaline
and phenylephrine contract these three tissues predomi-
nantly through α1A-, α1B and α1D-adrenoceptors respectively
(Minneman et al., 1994; Taniguchi et al., 1999; Lima et al.,
2005). The α1A-adrenoceptor is also the predominant
adrenoceptor subtype in the rat and human prostate smooth
muscle, which is why we used the prostate preparations in
our assays (Nasu et al., 1998; Yono et al., 2006). In our study,
mirabegron produced concentration-dependent rightward
shifts in the rat vas deferens, prostate and aorta (but not
spleen) with a slope in the Schild plot not different from
theoretical unity, confirming that mirabegron selectively
antagonizes α1A- and α1D-adrenoceptors but not α1B-
adrenoceptors. In addition, mirabegron displaced [3H]
prazosin binding to membrane preparations from HEK-293
cells transfected with each of the recombinant human α1-
adrenoceptor subtypes presenting affinities consistent with
those estimated in functional assays further supporting the
competitive nature of the interaction between mirabegron
and α1A- and α1D-adrenoceptors. We were surprised by the
paucity of information in the literature related to the affini-
ties of mirabegron for secondary targets other than β1- and
β2-adrenoceptors, and after extensive search, we could find
only preliminary indications thatmirabegron interacted with
rat recombinant α1A-adrenoceptors, showing micromolar
affinity in evidence submitted to a regulatory agency (pages
33 and 34 of the document available in the Department of
Health and Human Services, U.S. Food and Drug Administra-
tion, 2012). Interestingly, a similar pharmacological profile
was described for nebivolol, which acted as a β3-adrenoceptor
agonist and α1D-adrenoceptor antagonist in the rat thoracic
aorta (Rozec et al., 2006).

The LUTS in women has usually been equated to the OAB
and assumed to be caused by detrusor overactivity, whereas
in men, it typically occurs in association with bladder outlet
obstruction secondary to benign prostatic hyperplasia
(Andersson and Chapple, 2014). In ageing men, currently
available therapies for LUTS have been focused on reducing
the tension of the prostate smooth muscle against the
urethra, thus including α1-adrenoceptor antagonists, 5α-
reductase inhibitors and PDE5 inhibitors (Bechara et al.,
2008; McVary et al., 2011; Yan et al., 2014). A combination of
mirabegron with the α1-adrenoceptor antagonist tamsulosin
was more effective and safe than tamsulosin monotherapy
for patients with benign prostatic obstruction and OAB
(Ichihara et al., 2015). Mirabegron has also recently reported
to produce potent human and rabbit prostatic relaxations
(Calmasini et al., 2015).

Whether this novel property of mirabegron, that is, com-
petitive antagonism of α1A- and α1D-adrenoceptors, is rele-
vant or not for its therapeutic efficacy obviously depends on
the doses administered to the patient. Multiple 50 mg doses
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of mirabegron (approved dose level) to humans result in Cmax

values from 20 to 60 ng·mL�1, leading to plasma concentra-
tions in the range of 60–150 nM, of which ≅70% is bound
to plasma proteins (Iitsuka et al., 2014, 2015), leaving a
free plasma concentration of ≅20 to 50 nM. Pre-clinical
pharmacokinetic studies in rats after a single oral dose of
14C-mirabegron showed that the tissue : plasma radioactivity
ratios are highest in the alimentary canal and excretory
organs and that in some cases, upon repeated doses, the tissue
: plasma ratios nearly reached 20-fold (Department of Health
and Human Services, U.S. Food and Drug Administration,
2012; Department of Health Therapeutic Goods Administra-
tion, Australian Public Assessment Report, 2014). As
mirabegron has a large volume of distribution at steady state
(Vdss: 1670 L), it is possible that its levels in the excretory or-
gans such as bladder and urethra exceeds by far that of plasma
and that the effective concentrations of mirabegron at the re-
ceptor biophase might approximate those required to occupy
a significant fraction of α1-adrenoceptors. Actually, it seems
that the accumulation of mirabegron in tissues owing to the
highly lipophilic nature of the molecule is a fundamental
condition to be assumed; otherwise, it is difficult to reconcile
the relatively low potencies of mirabegron in the relaxations
of rodent and human bladder (EC50s from ≈780 to 5100 nM;
Takasu et al., 2007; Hatanaka et al., 2013; Svalø et al., 2013;
Michel, 2014), unless we assume that its therapeutic efficacy
results from relaxations produced by concentrations as low
as 50 nM, which are nearly ineffective in vitro.

In conclusion, this study shows that in addition to its ma-
jor β3-adrenoceptor agonism promoting urethral relaxations,
mirabegron exhibits selective α1A- and α1D-adrenoceptor an-
tagonism. Our study may be important not only for human
therapeutics by revealing a novel property of mirabegron
but also as cautionary findings for pre-clinical studies by
guiding the choice of appropriate agonists to contract the
tissues that will be relaxed by mirabegron.
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